Abstract: Alumina-based composites were fabricated by reaction sintering from two different sintering powder mixtures: alumina with silica (SiO 2 ) and alumina with silicon carbide (SiC; to allow oxidation to form SiO 2 ). After sintering, SiO 2 underwent complete reaction to form alumina/mullite composites. In terms of microstructure, the density and grain size of ceramic samples were investigated. The density of the composites prepared by alumina and SiC was lower than those of alumina and the composites prepared by alumina and SiO 2 . The grain size increased as the sintering temperature increased. In terms of mechanical properties, fracture surfaces, hardness, and fracture toughness were investigated. It was found that the fracture surface of alumina was rather intergranular, whereas the fracture surface of the composites was more transgranular. The hardness of the composites was higher than that of alumina at the same sintering temperature. However, the fracture toughness of the composites was not significantly different compared to that of alumina.
Introduction
The most common method to improve the mechanical properties of ceramics is to incorporate second-phase particle into the based ceramic, so-called ceramic matrix composites (CMCs). Alumina-based composites are widely used in many applications because alumina has high melting point, hardness, wear, and corrosion resistance. Second or reinforcement phase added to alumina results in an increase of fracture toughness, hardness, and strength [1, 2] , which can be non-oxide [e.g. silicon carbide (SiC), Si 3 N 4 , and TiC] [1, 3, 4] or oxide (e.g. ZrO 2 and TiO 2 ) [5, 6] . When silica (SiO 2 ) is added to alumina, the alumina/mullite composites can be formed due to the reaction between alumina and SiO 2 at high temperatures to create mullite (3Al 2 O 3 ·2SiO 2 ) as the product.
There has been rather extensive research of alumina/ mullite composites in terms of both processing and characterization. Reaction sintering is the most common method to fabricate alumina/mullite composites, and in this case, starting powders are required to produce ceramic green compact. The starting powders can be prepared by ball milling or sol-gel followed by calcination. She et al. [7] fabricated the composites using α-Al 2 O 3 , Al, and β-SiC as the starting materials and ZrO 2 as the sintering aid. The powders were ball milled then uniaxially pressed and sintered in air so that SiC underwent oxidation to form SiO 2 , which can further react with alumina to form mullite. The composite with 15 vol% ZrO 2 exhibited high density after sintering at 1580°C for 2 h with intergranular fracture mode and high strength. Sedaghat et al. [8] used the sol-gel method, where starting precursors were aluminum chloride haxahydrate (AlCl 3 ·6H 2 O) and tetraethyl orthosilicate (TEOS). The composite powders were obtained by calcination at 900°C for 2 h followed by attrition milling, drying, and sieving. The resulting composites contained intergranular and intragranular mullite, and the alumina matrix grain size was decreased. Alumina/mullite composites can also be produced by infiltration technique. Marple and Green [9] prepared partially sintered alumina sample, and the sample was infiltrated with hydrolyzed ethyl silicate solution. The composites had only mullite and alumina, where the grain growth of alumina matrix was restricted by mullite. The Young's modulus of the particular composites was lower than that of pure alumina, and fracture toughness was increased up to 60% in some samples [10] .
In comparison, it can be seen that reaction sintering is the simplest route of the production. Furthermore, reaction sintering is more economical compared to other methods of ceramic processing and can also ensure the homogeneous distribution of the second phase (i.e. mullite) [11] . SiC is generally used as the starting powder to form SiO 2 via oxidation. Sakka et al. [11] fabricated alumina-mullite-SiC nanocomposites from alumina and SiC powders. The SiC powder was oxidized at the surface and the SiO 2 resulting from the oxidation reacted to alumina at the surface between Al 2 O 3 and SiO 2 to form mullite, leaving the unreacted alumina and remaining unoxidized SiC surrounded by mullite. The study and modeling of oxidation behavior of SiC in alumina-based CMCs was also carried out, and it was found that SiO 2 and mullite formation depends mainly on the rate of oxidation (governed by sintering temperature), SiC geometry, and SiC particle size (i.e. surface area) [12, 13] . However, the fabrication of alumina/ mullite composites from the mixture of alumina and SiO 2 is also possible, and there is yet no study to compare the microstructure and mechanical properties of the composites from different starting powders.
In this study, alumina-based composites were fabricated by reaction sintering using alumina, SiO 2 , and SiC (to be oxidized to form SiO 2 ) as the starting powders. The objective is to investigate the effect of sintering temperature on the microstructure and mechanical properties of alumina-based composites prepared by different starting powders with the same route of processing.
Materials and methods
The starting powders consist of Al 2 O 3 (200 nm), SiC (3 μm), and SiO 2 (0.007 μm). To fabricate alumina-based composites, two powder mixtures (Al 2 O 3 +4.1 wt% SiC and Al 2 O 3 +6 wt% SiO 2 ) were used. The amount of SiC added (4.1 wt%) would be oxidized to 6 wt% SiO 2 , provided that SiC undergoes complete oxidation. The ceramic powders were mechanically mixed by ball milling using ethanol as dispersing media and zirconia balls as milling media. To prevent abnormal grain growth, 0.25 wt% MgO was also added in the powders. Ball milling was performed for 5 h and then the slurry was dried in an oven for 24 h. After drying, the powder was obtained by crushing in mortar and pestle and then sieving through a 150 μm sieve. Ceramic pellets were produced by uniaxial pressing at 150 MPa, and the ceramic samples were sintered in air at the temperatures between 1400°C and 1550°C for 30 min, where the heating and cooling rate was 5°C/min. The pure alumina samples are denoted as A, the alumina-based composites prepared from alumina and SiO 2 powders are denoted as ASO, and the alumina-based composites prepared from alumina and SiC powders are denoted as ASC. The numbers of the samples are sintering temperatures, where 40, 45, 50, and 55 are 1400°C, 1450°C, 1500°C, and 1550°C, respectively.
The phase identification of the sintered samples was carried out using X-ray diffraction (XRD) technique. The scanning step of the diffractometer (Miniflex 600, Rigaku, Japan) was 0.05°, and 2θ was between 20° and 100°. The diffraction patterns were matched with patterns in the JCPDS file. The investigation of the microstructure and mechanical properties include density, grain size, fracture surface, hardness, and fracture toughness. Sample density was measured by the Archimedes method. The morphology of ceramic grain and fracture surface was examined by a scanning electron microscope (SEM-LV5910, JEOL, Japan). To measure the grain size and hardness of the ceramic samples, metallographic preparation for polishing was carried out as follows: grinding using 25 μm diamond suspension until flat and polishing using 6, 3, and 1 μm diamond suspension to the final surface finish. The samples were prepared for grain size determination by polishing and thermal etching at 50°C lower than the sintering temperature for 30 min. The linear interception method was used to calculate the grain size of alumina. The fracture surfaces were prepared by breaking the samples with no further surface treatment. The samples for SEM observation were sputtered with gold to prevent surface charging. The polished surfaces were subjected to hardness measurement using Vickers microhardness tester (Wolpert W Group, UK) with 1 kg load (9.8 N) and a dwell time of 10 s. Fracture toughness was calculated from the formula:
where K Ic is fracture toughness, E is Young's modulus, H V is Vickers hardness, P is indentor load, and c is radial crack length. The Young's modulus values are obtained from Asmani et al. [14] , where the porosity of the alumina samples is taken into account.
Results and discussion
The XRD patterns of alumina and alumina/mullite composites made from the two mixtures sintered at 1400°C are shown in Figure 1 . It can be seen that the composites consisted of only alumina (JCPDS file no. 42-1468) and mullite (JCPDS file no. 79-1456) with no peaks of SiO 2 or SiC. It can be concluded that mullite was completely formed by SiO 2 (either from deliberate addition or SiO 2 as a product of oxidation from SiC). In the case of SiC addition, a temperature of 1400°C or higher could result in complete oxidation for the SiC with a particle size of 3 μm because the oxidation of SiC started at approximately 820°C for micron-sized SiC [15] . The density, grain size, hardness, and fracture toughness of all ceramic samples are summarized in Table 1 . The graph of density of samples as a function of sintering temperature is shown in Figure 2 . It can be seen that alumina (A) and alumina-based composites prepared by alumina and SiO 2 mixture (ASO) had higher density as the sintering temperature was increased, whereas the final density of alumina-based composites prepared by ASC tended to be insensitive to sintering temperature. The density of alumina-based composites from alumina and SiO 2 was slightly higher than that of alumina at the same sintering temperature (0.4-1.2%). The increase of final density of alumina due to an addition of SiO 2 to form alumina/mullite composites is also reported by Svancarek et al. [16] , where the addition of up to 10 wt% SiO 2 could slightly improve the density of alumina samples. The density of the composites prepared by alumina and SiC was significantly lower than that of alumina at the same sintering temperature (2.6-6.2%). Luo et al. [17] reported the decrease in final density when alumina-based composites were prepared by the same method as this work. However, the decrease was quite small (~0.5%) and this was a lot smaller than this work. The possible explanation for the decrease of final density is that SiC before oxidation to SiO 2 hinders the densification of alumina ceramics during sintering [18] . Also, oxidation of SiC results in CO 2 as a product, which could create open pores [12] and thus reduce the final density of the samples fabricated by alumina and SiC as the starting powders. Figure 3 shows the graph of alumina grain size versus sintering temperature. It can be seen that the grain size increases as the sintering temperature is increased. All samples had a grain size of ~1 μm when the sintering temperature was 1400°C and 1450°C. At 1500°C, alumina (A50) had a grain size of 1.1 μm, but the alumina-based composites (ASO50 and ASC50) had larger grain size. The grain size of all samples was increased at the sintering temperature of 1550°C, where alumina (A55) had a smaller grain size than the alumina-based samples (ASO55 and ASC55). It should be noted that, at higher temperatures (i.e. 1500°C and 1550°C), alumina/mullite from alumina and SiC powders had larger grain size than pure alumina because micron-sized SiC particles before oxidation were not effective to inhibit grain growth from grain boundary pinning like nanosized SiC particles [19, 20] . Moreover, SiO 2 in the powder mixture from both deliberate addition and oxidation could also act as a sintering aid and promote grain growth during sintering due to the formation of glassy thin films [21] , resulting in the larger grain size and higher final density compared to pure alumina. Figure 4 shows the micrographs of fracture surface of the alumina and alumina-based samples with similar grain size. Intergranular fracture is observed in alumina where facetted fracture surface is the characteristic. There is also a small area of transgranular fracture in alumina. In alumina-based composite, the fracture surface is rather transgranular with lesser extent of intergranular fracture compared to pure alumina. The morphology of alumina/mullite fracture surface is in good agreement to a previous report [22] . The change of fracture mode was caused by the presence of mullite from reaction sintering, which resulted in grain boundary strengthening [17] . From the micrographs, it can be seen that the fracture surface of ASO ( Figure 4B ) is more transgranular than ASC ( Figure 4C ). This could be due to the fact that mullite from SiO 2 obtained by oxidation of SiC (particle size of 3 μm) had a larger size than that obtained by direct addition (0.007 μm), as previously reported by Burgos-Montes et al. [22] , or the mullite in ASO was more intergranular than that in ASC [23] .
The graph of hardness as a function of sintering temperature is shown in Figure 5 . The hardness of A and ASO samples increased as the sintering temperature increased (except for the A50 sample, where the hardness was higher than that of the A55 sample). It can be seen that the increase of density plays an important role to improve the hardness of the ceramics [24] . Comparing at the same sintering temperature, the hardness of alumina was lower than those of alumina-based composites, which shows the same trend as in a previous report [16, 17] . However, alumina-based composites prepared from SiC starting powder (ASC) had higher hardness than that prepared from SiO 2 starting powder (ASO). It could be due to the fact that the higher hardness resulted from the greater amount To summarize the results, the relationship between mechanical properties and microstructure is discussed in this paragraph. It can be seen that alumina-based composites could be obtained by ceramic processing from two different starting powder mixtures. The larger grain size of alumina-based composites compared to alumina, in most cases, at the same sintering temperature was caused by SiO 2 from the direct addition or oxidation of SiC [21] . The ASC ceramic sample had lower density than alumina due to the delay of densification resulting from SiC before oxidation or formation of CO 2 gas during oxidation, whereas the ASO ceramic sample had slightly higher density than alumina due to SiO 2 . The subsequent formation of mullite resulted in an increase of hardness and the change of fracture mode to transgranular. However, the mullite formation process in ASO and ASC was different, resulting in the difference of hardness and degree of transgranular fracture. When large SiC particles are used as starting powder for reaction sintering, mullite tends to form inside alumina matrix [11] , whereas small SiO 2 particles react with alumina to form mullite at grain boundaries [22] . As a result, mullite in ASC was distributed more evenly whereas mullite in ASO tended to be situated at the grain boundary. Therefore, the hardness of ASC was higher with less transgranular fracture compared to ASO. In this work, it can be seen that reaction sintering process is beneficial to the processing of alumina-based composites, where the particle size of starting powders can be used to tailor the position and distribution of mullite, which affect the mechanical properties (i.e. fracture mode and hardness).
Conclusions
The effect of sintering temperature on the microstructure and mechanical properties of alumina-based composites was studied. It was found that: 1. The density of pure alumina and alumina-based composites prepared by alumina with SiO 2 increased with sintering temperature, but the density of the composites was not changed when the powder mixture was alumina with SiC. 2. The grain size increased with sintering temperature in both alumina and alumina-based composites. 3. The hardness of alumina-based composites was higher than that of alumina. Higher sintering temperature resulted in higher hardness because of the increase in the density of the ceramic sample. 4. The fracture toughness of alumina and aluminabased composites was not so different and it did not depend on sintering temperature. of mullite formed or the more homogeneous distribution of mullite in the ASC ceramic sample [16, 17] . Figure 6 shows the graph of fracture toughness versus sintering temperature. It can be seen that there is no significant difference in fracture toughness between alumina and alumina-based composites. The value of fracture toughness of alumina sintered at 1550°C is higher than the other samples because of the high value of (E/H V ) 1/2 . In this work, the calculated volume fraction of mullite in the composites is ~14% (from the reaction sintering with 6 wt% SiO 2 from direct addition or oxidation) and the result of hardness and fracture toughness can be compared with the report from Luo et al. [17] and Svancarek et al. [16] . The value of hardness is agreeable and the value of fracture toughness is slightly lower because the calculation in this work takes the effect of porosity into account [14] .
